Abstract Airborne pollen transport at micro-, meso-gamma and meso-beta scales must be studied by atmospheric models, having special relevance in complex terrain. In these cases, the accuracy of these models is mainly determined by the spatial resolution of the underlying meteorological dataset. This work examines how meteorological datasets determine the results obtained from atmospheric transport models used to describe pollen transport in the atmosphere. We investigate the effect of the spatial resolution when computing backward trajectories with the HYSPLIT model. We have used meteorological datasets from the WRF model with 27, 9 and 3 km resolutions and from the GDAS files with 1°resolution. This work allows characterizing atmospheric transport of Olea pollen in a region with complex flows. The results show that the complex terrain affects the trajectories and this effect varies with the different meteorological datasets. Overall, the change from GDAS to WRF-ARW inputs improves the analyses with the HYSPLIT model, thereby increasing the understanding the pollen episode. The results indicate that a spatial resolution of at least 9 km is needed to simulate atmospheric flows that are considerable affected by the relief of the landscape. The results suggest that the appropriate meteorological files should be considered when atmospheric models are used to characterize the atmospheric transport of pollen on micro-, mesogamma and meso-beta scales. Furthermore, at these scales, the results are believed to be generally applicable for related areas such as the description of atmospheric transport of radionuclides or in the definition of nuclear-radioactivity emergency preparedness.
Introduction
Pollen grains released to the air are dispersed and advected in the atmosphere due to spatial and temporal variations in meteorological conditions (Jones and Harrison 2004; Sousa et al. 2008 ). Due to their shape and size, this transport can be also affected by the physical characteristics of the pollen grains (Seinfield and Pandis 2006) . Independent of some smaller pollen grains, they usually have a diameter in the range from~20 μm (i.e. birch or ragweed pollen) to~100 μm (i.e. maize or pine pollen). Settling velocities of pollen are substantial, generally varying from 1 to 30 cm/s (Aylor 2002) . This means that both the physical properties of the atmosphere and the pollen grains determine the airborne pollen transport from the source (e.g. Jarosz et al. 2003; Arritt et al. 2007) .
The key parameter of pollen transport is the atmospheric lifetime. The lifetime has a direct connection to the spatial and temporal scales of the distribution of pollen grains in the atmosphere and their variations with time (Seinfield and Pandis 2006) . In the case of pollen, it can be from less than an hour to several days, mainly due to substantial gravitational sedimentation. Most pollen grains from anemophilous plants are released passively under the influence of wind and turbulence (Michel et al. 2010) . Recent studies suggest that depending on the height of the plant, thus affecting the release height of pollen grains (trees or weeds/grasses), the most relevant spatial scales for pollen dispersal are micro-, meso-gamma and meso-beta scales . The meso-alpha scale (200-2,000 km) covers long distance transport and must, however, not be neglected (e.g. Sofiev et al. 2006; Izquierdo et al. 2011; Zemmer et al. 2012) .
Studies on airborne pollen must include atmospheric model tools to understand the underlying atmospheric processes (e.g. Prtenjak et al. 2012; Sofiev et al. 2013; Schueler and Schlünzen 2006; Zink et al. 2012) . The application of these tools increases the understanding of pollen transport compared to the use of ground-based meteorological observations (e.g. García-Mozo et al. 2008) . The computation of backward trajectories is widely used (Skjøth et al. 2009; Smith et al. 2008) , where the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler et al. 2013 ) is one of the most used tools to explain atmospheric transport of pollen (e.g. Makra et al. 2010; Zemmer et al. 2012; Fernández-Rodriguez et al. 2014; Sikoparija et al. 2013) .
The accuracy of atmospheric transport models, like HYSPLIT, is largely determined by the spatial resolution in the meteorological datasets (e.g. Skjøth et al. 2002) . The spatial resolution has a direct effect on the quality of the simulations and, therefore, also the interpretations of the analysed episodes (Skjøth et al. 2002) . In the case of pollen, this has special relevance in areas with complex terrain in which the pollen transport is widely governed by complex flows (e.g. Prtenjak et al. 2012) . Two examples of complex flows are see-breeze effects or mountain valley effects. The horizontal scale of these effects is typically within the meso-gamma scale (2-20 km) or meso-beta scale (20-200 km) . To study a certain spatial scale with meteorological models, a rule of thumb is that the meteorological model must have five grid points within the desired scale, which suggest that the meso-beta scale processes can be described with models that has 4-40 km distance between the grid points, whilst meso-gamma requires much higher resolution. These scales are still rare in operational meteorological models that are used for air quality studies. Therefore, it is necessary to consider the spatial resolution of the meteorological input data that is used. These considerations must include the scale of the atmospheric transport distance for each particular study (Veriankaite et al. 2010) .
The atmospheric transport model HYSPLIT allows for both online and offline calculations. Online calculations with HYSPLIT are usually done by using the Global Data Assimilation System (GDAS) meteorological dataset (http:// ready.arl.noaa.gov/HYSPLIT.php). The GDAS covers a decade, from 2004 to 2013. This is a big advantage in many aerobiological studies as they often spans 5 years or more (e.g. Orlandi et al. 2010; Skjøth et al. 2012 ). Another advantage is that 10 years of high-resolution meteorological data requires many computational resources to produce and store. A disadvantage is that the spatial resolution of the GDAS is more than 100 km. This means that the GDAS does not include specific atmospheric processes in relation to the meso-gamma scale and almost no processes on the meso-beta scale. It is therefore important to quantify the effect of using coarse scale meteorological datasets, like the GDAS, compared to higher resolution datasets, when atmospheric models, like HYSPLIT, are used in aerobiological studies. This has so far not been done in relation to aerobiology. This paper examines the sensitivity of different input meteorological datasets in relation to trajectory models by using the most popular model in aerobiology, the HYSPLIT model, to characterize pollen transport in the atmosphere on the mesoscale. To meet this aim, this work compares trajectories obtained with HYSPLIT by using three high-resolution outputs from the mesoscale Weather Research and Forecasting (WRF-ARW) model (Skamarock et al. 2005 ) and GDAS datasets.
An Olea (olive tree) pollen episode recorded in Cordoba City, southern Iberian Peninsula (IP), has been selected as the case study. The episode was recorded outside of the local flowering period. This ensures that the episode is mainly due to atmospheric transport from remote sources. The episode has been analysed with the HYSPLIT model by using four different meteorological datasets, each with different spatial resolutions. Furthermore, the episode is analysed by using 3D simulations with the WRF model to explain the overall atmospheric conditions during the episode. The selection of this pollen species is based on two facts: (1) Olea pollen is the major cause of allergy in southern Spain (D'Amato et al. 1998; De Linares et al. 2007 ) and (2) Olea is the most important species from the agronomic and economic point of view in the Mediterranean area (IOC 2011) . The present study determines the meteorological conditions and topographic main sources of Olea pollen that cause an increase in airborne pollen concentration out of the main pollen season. These results will be taken into account for producing pollen forecasts as well as related areas such as the description of atmospheric transport of radionuclides when the focus is the meso-gamma and meso-beta scales up to 200 km from the source.
Materials and methods

Study area and pollen concentrations
Daily and bi-hourly pollen data for the year 2010 were recorded in the city of Córdoba (37°50′ N, 4°45′ W, 120 m above sea level (m.a.s.l.). Cordoba belongs to the Andalusia region in Spain and is located on the cultivated plain of the Guadalquivir (Fig. 1a) . The Guadalquivir Valley, by a uniform height along it of less than 100 m.a.s.l., is bordered to the North by the Sierra Morena (mean height between 200 and 600 m.a.s.l.) and to the south and east by the Subbetic system (with heights around 2,000 m.a.s.l.), which are dominated by olive orchards (Fig. 1b) . The entire distribution of olive crop in Andalucia provides a south-north and east-west gradient of Olea pollen sources around the Cordoba Province, with minimal presence in the north and west and a large source area located in the south and east.
Additionally, pollen data from "El Cabril" (38°4′ N, 5°2 4′ W, 450 m.a.s.l.), located 60 km north-west far away of Cordoba City (Fig. 1b) , was included in order to determine if medium distance regions can contribute as source regions given that it registers high concentrations out of the Cordoba Olea main pollen season. In addition, pollen observations at Huelva (37°16′ N, 6°75′ W, 15 m.a.s.l.) and Seville (37°25′ N, 5°54′ W, 18 m.a.s.l.) were used to understand the pollen transport along the Guadalquivir Valley. A volumetric Hirsttype spore-trap (Hirst 1952 ) was used for pollen monitoring, and the daily and bi-hourly pollen count was produced using a microscope and visual detection for Olea pollen. The pollen concentrations were then calculated using the standardized data management procedures, following the rules laid down by the Spanish Aerobiology Network (REA) . During the studied period, field phenological observations were taken by using the phenological key developed by Maillard (1975) . These field data offer information about the main Olea flowering season in Cordoba City surroundings.
Observations of wind direction and wind speeds were obtained from the Cordoba meteorological station, belonging to the Andalusia Government Agroclimatic Information Network (RIA). These parameters were used in combination with model calculations to characterize wind behaviour during the analysed episodes with high pollen concentrations.
Model overview and evaluation procedure
The HYSPLIT model was used to compute hourly 3D trajectories in a similar way as Hernández-Ceballos et al. (2011) and Harris et al. (2005) . This methodology includes calculation of hourly 3D backward trajectories at five different heights: 100, 300, 500, 700 and 1,000 above ground level (agl), respectively.
The input to the HYSPLIT model was obtained from either the GDAS datasets or calculations with the WRF-ARW model. The GDAS files were obtained from the HYSPLIT online system and have 1°of spatial resolution, 24 levels of vertical resolution and 3 h of temporal coverage. The meteorological data are linearly interpolated from the analysis times to the trajectory computation time. The WRF-ARW files were available in three different spatial resolutions and a temporal resolution of 1 h. The files were created by using the following setup of the WRF model over the study region. Initial and boundary conditions to WRF were from FNL global analysis, created and maintained by the National Centres for Environmental Prediction (NCEP). The FNL data has a spatial resolution of 1°in latitude and longitude and a vertical resolution of 27 pressure levels.
To obtain the WRF files, three domains were defined using a two-way nesting strategy and a vertical structure that includes 40 sigma levels (Fig. 2) . Two-way nesting has been used in several studies in IP, as Borge et al. (2008) or Carvalho et al. (2012) . The model domain (D1) had a 27-km spatial resolution, and it covered western Europe, from the south of France to the north of Africa and a longitude from the western Mediterranean to the Canary Islands. The two nested domains had a spatial resolution of 9 km (D2) and 3 km (D3), respectively, where D3 covered the southwest of the IP. The WRF model used 24 h as spin-up time to allow the meteorological fields in the model to adjust the large-scale flow to the local topography, land use and other variables. Table 1 In the "Results" section, model results with GDAS or WRF are named individually, so that WRF-27 represents the results obtained from D1 (27 km), WRF-9 from D2 (9 km) and WRF-3 from D3 (3 km). The root mean square error (RMSE) and the bias score (BIAS) were used in the evaluation of the model results (Table 2) , following the methodology shown in Jiménez-Guerrero et al. (2008) by using hourly data. Additionally, several statistical parameters were used to measure the sensitivity of trajectories. These parameters are the absolute horizontal transport deviation (AHTD), the absolute vertical transport deviation (AVTD) and the relative horizontal transport deviation (RHTD). All of them have been applied in earlier studies (Stohl and Seibert 1998; Harris et al. 2005) .
Description of the investigated period
We studied the Olea airborne pollen "episode day" from 6 to 7 June 2010. In this period, pollen concentrations peaked outside the typical hours for flowering (11:00-17:00 UTC) (Galán et al. 1991) . In addition, our episode was recorded outside the local Olea flowering period in the Córdoba Province. According to the phenological survey, in 2010, the flowering period in Cordoba City spread from April 24th until May 10th. In the southern part of the province, the flowering in Baena took place from the 14th to 28th of May and in Priego de Cordoba from May 21st to June 4th. Phenological records therefore insure that airborne pollen in Cordoba is external during this period of time, offering the possibility to trace associated pollen transport routes with atmospheric transport models.
Olea pollen concentrations reached a daily average of 314 pollen grains/m 3 on 6th and 376 pollen grains/m 3 on the 7th. The bi-hourly values showed that concentrations on the 6th were relatively constant, with values around 200-300 pollen grains/m 3 , whilst on the 7th of June, there were two intensive peaks at 01:00-02:00 UTC and at 07:00-08:00 UTC (Fig. 3a) reaching 1,000 and 1,100 pollen grains/m 3 , respectively. Pollen count declined sharply later with concentrations below 100 pollen grains/m 3 . The synoptic conditions over the IP included an anticyclone located to the west of IP and a low pressure system over the British Isles. This meteorological scenario can coincide with the development of a thermal low over the Iberian Peninsula plateau (Hoinka and De Castro 2003) (Fig. 3b) , characterized by strong pressure gradients that occur at the periphery of the low causing low-level winds to blow from the coastal zones towards the interior of the peninsula. However, the influence of these thermal lows on the establishment and evolution of mesoscale processes is in general minimal in the area around the Guadalquivir Valley. Under this stable synoptic condition, the measured surface winds (Fig. 3a) over Cordoba City were mainly from the southwest with low intensity (less than 2 m/s). This constant arrival of southwesterly flows is due to the location of Cordoba City in the Guadalquivir Valley, which canalizes winds along its axis west/southwest-northeast, and hence, the surrounding topographic completely controls the wind direction at this site (Hernández-Ceballos et al. 2013 ). : domain D1 is coarse with resolution of 27 km, the D2 has a resolution of 9 km, whilst the finer D3 has a resolution of 3 km Fritsch (1990, 1993) Results
Comparison of simulated variables
The simulated values of wind direction showed larger variability than the observed values (Fig. 4) . WRF simulations reproduced the arrival of southwestern winds during the daytime fairly well, whilst at night, from 00:00 to 06:00 UTC, they did not predict the wind observations that remained in a westerly range. Instead, WRF simulated the arrival of northeasterly flows. This behaviour was also observed in the GDAS values.
The statistical values of BIAS indicated an underestimation of wind direction (−6.72°) of WRF-3 and overestimation in the other cases, with the largest value obtained for GDAS values (57, 61°). In the case of the RMSE, the results ranged between 60°and 90°, registering the lowest value for WRF-27 (62°) and the largest for WRF-9 with 87°. In general, WRF simulations did not reproduce the intensity and variability of wind speeds during the episode. The largest differences were observed during the afternoon of the last day with values up to 5 m/s. In general, both WRF and GDAS simulations overestimated the wind speeds with up to 2.0 (BIAS in GDAS) and 1.2-1.4 m/s (BIAS in WRF). The RMSEs were similar for both GDAS and WRF simulations, 
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00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00 The results showed that WRF results presented larger variability between different heights than GDAS. A good example is seen by comparing column 1 with column 4. In the case of GDAS, the trajectories showed a similar behaviour in all the heights, with a progressive displacement of the origin of air masses from the northwest to the north of Cordoba City, followed by a north-south movement until reaching the Guadalquivir Valley, which canalized in a southwest direction the flows to Cordoba City.
In contrast to this similar behaviour, the WRF back trajectories presented a clear variation in the results between each height. This observed variation on the trajectories with increasing height also changed with the spatial resolution. As an example, at 100 m, the WRF-27 and WRF-9 results displayed two clear behaviours of air masses during the period. The air masses flow along the Guadalquivir Valley from the afternoon of the 6th of June and until night (00:00 UTC). This valley flow was replaced by northern flows over Cordoba City from night until 9:00 UTC. After 09:00 UTC, the trajectories showed air mass movements along the Guadalquivir Valley again. This temporal variability was less prominent using the WRF-3 simulations. In the WRF-3 simulations, there was a much more constant air mass flow along the Guadalquivir Valley and only a few hours with the observed northern flow.
At 300 m, the results were similar to 100 m for WRF-27 and WRF-9. However, WRF-3 presented an increase in the number of trajectories that show air mass movements from the north. This tendency was also observed at 500 m. The results at 300 and 500 m showed a tendency to increase the spatial variability in the air mass pathways with increasing height. This suggests a reduction of wind canalization along the Guadalquivir Valley when increasing height. A consequence is that at these heights, a change in the origin of air masses using WRF-9 (at 500 m) and WRF-3 (at 300 and 500 m) was obtained, where the origin is the southern Atlantic coast of IP. This local valley flow is not present in either GDAS or WRF-27.
The increase in the variability of air masses with the height was confirmed at 700 m. The results of WRF-27 presented a wider range of air mass origins, whilst the WRF-9 and WRF-3 presented the influence of flows with southern movement. This larger variability increased the limitation in the identification of wind canalization along the valley. Finally, at 1,000 m, there are no arrivals of northern flows. At 1,000 m, the advection of flows is dominated by west-south movements. In this sense, the arrival of southerly flows was more observed in the results of WRF-9 and WRF-3. The channelization of air mass flows was therefore difficult to detect at 1,000 m.
Summarizing, the WRF meteorological files displayed a progressive increase in the spatial variability of air mass pathways and origins with increasing height. It has not been observed in the GDAS data. The trajectory results with WRF showed three air mass movements during the sampling period: (1) along the Guadalquivir Valley until midnight, (2) from the north until early morning and (3) and again along the valley from early morning and until the end of the day. These changes could not be obtained with the GDAS data. The causes to these changes are explained by the atmospheric dynamics and overall (Figs. S4 and S5 ) by using the results from WRF-3. This fact includes a cross section of the horizontal (u) wind component (isotachs) and specific humidity along the Guadalquivir Valley and along the northwest-southeast province axis. The RHTD results (Table 3) showed a general increase in the uncertainty when the differences between the spatial resolutions were high. The uncertainty between GDAS and WRF trajectories was always higher than 40 %. This difference increased from GDAS-WRF-27 to GDAS-WRF-3, ranged between 51 and 64 % and reached the maximum value at 300 m. On the other hand, the uncertainty between WRF trajectories did not exceed 34 %. The smallest difference was between WRF-27 and WRF-9 (9-12 %) and the largest between WRF-9 and WRF-3 (9-30 %).
Regarding the AHTD index, the differences were always greater than 110 km between GDAS and WRF trajectories. The largest difference was obtained at 1,000 m, with around 150 km. In the case of WRF trajectories, there was a high similarity between WRF-27 and WRF-9. The difference ranged between 23 and 32 km. The maximum uncertainty was obtained again comparing WRF-9-WRF-3 with 16 km at 500 m and 70 km at 100 m. This behaviour among the trajectories was also observed in the AVTD index. The maximum values were registered between GDAS and WRF results. These differences ranged between 299 and 787 m and reached the maximum differences at 700 m. However, the vertical uncertainty for WRF trajectories showed a mean value smaller than 400 m. The largest differences were observed at low heights for the trajectories: at 500 m for WRF-27-WRF-9, at 300 m for WRF-27-WRF-3 and at 100 m for WRF-9-WRF-3. Figure 6 displays the graphical evolution of AHTD and AVTD statistics in time along the trajectory until 28 h back at 100, 500 and 1,000 m. The results obtained at 300 and 700 m displayed similar behaviour and are therefore not shown.
The results showed that deviations between GDAS and WRF data were larger than the difference between WRF trajectories that were obtained with different spatial resolutions. The RHTDs, caused by the differences between GDAS and WRF trajectories (black and dashed lines), started with small values and accumulated with a lineal increase over time at each height. The largest slopes were seen in the case of 1,000 m and reached at this height similar values around 300 km at the end of the period. On the other hand, the RHTDs associated with the differences between WRF trajectories (lines with symbols) showed a small increase over time, not exceeding at last time the value of 150 km. This figure clearly showed that the deviations obtained among the GDAS-WRF results were much larger than those for between the different WRF datasets. Figure 6 also shows that vertical deviations (AVTDs) associated to different horizontal spatial resolutions started with small values and increased over time. This fact displays the presence of elevated areas causing the air masses to rise quickly. Deviations when comparing GDAS with WRF trajectories were again usually larger than deviations between the different WRF options. In general, the WRF results presented a similar behaviour with height with a general tendency to increase the value of the AVTD index over time although with periods where the vertical deviation registered very similar values. In this case, the maximum value reached was around 600 m at the end of the period. 
Discussion
The current study supports the hypothesis that the computation of backward trajectories as well as the characterization of meteorological conditions can vary depending on the use of different input meteorological datasets. Our results show that all statistical measures are better on the WRF data than on the GDAS data. The best statistical results are obtained using WRF-27, although there is a little difference between WRF-27, WRF-9 and WRF-3. In this sense, and focusing on the inner domain, the results for WRF-3 and WRF-9 are better than WRF-27 as WRF-9 and WRF-3 have a much better description of the valley flow and its changes throughout the day, although the actual wind speed is not that well described. This result is in agreement with previous results obtained that focus on the performance of the WRF model (Borge et al. 2008; Challa et al. 2009; Papanastasiou et al. 2010) . These results indicate the ability of the WRF model to simulate wind direction in this site, located in a small valley inside the Guadalquivir Valley and close to the Sierra Morena mountains, but it can be an overestimation of local wind speeds when the model is compared to observations from the city. The largest bias is observed when wind speeds are generally less than 1 m/s. The difficulty in the simulation of wind speed has been observed in the case of the WRF model, increasing the bias of wind speed over plains and valleys (Jiménez and Dudhia 2012) . This is a common problem of atmospheric boundary layer (ABL) schemes that use similarity theory, which is known to break down at very low wind speeds (e.g. Ha et al. 2007 ).
The results of backward trajectories display the influence by using meteorological data with different horizontal spatial resolutions. The AHTD and AVTD statistics have similar magnitudes to those found by Stohl and Seibert (1998) in their comparison of 3D vs. isentropic trajectories in the troposphere and in Harris et al. (2005) . Both studies quantify the sensitivity of the trajectory model regarding the input meteorological data.
Large differences were observed between GDAS and WRF trajectories. In the case of GDAS, the trajectories show very similar behaviour with height. On the contrary, the WRF trajectories present a variation with height at all different spatial resolutions. The main reason behind these results is most likely the horizontal resolution of the meteorological data and how the topography affects especially the lower parts of the atmosphere (Fig. S1 ). Another important reason is related to the different parameterisations that are used in the two model formulations. Firstly, large differences in the relief of the landscape are seen from the digital elevation model over the southern Iberian Peninsula at each of the four different spatial resolutions. This representation plays a key role in the characterization of surface winds in this area. As an example, the valleys around the Cordoba region are only present in the 9-and 3-km resolutions. This affects directly how the physical processes are simulated with the WRF model. This is also illustrated by the AVTD statistical results with much higher variability for 3 and 9 km resolutions with distance than 27 and 111 km resolutions. The reason is that the vertical winds at 3 and 9 km are much more influenced by topography and complex flow than coarser resolution model calculations. Secondly, the large difference in grid resolution between WRF and GDAS results in a large difference in the use of physical parameterisations. In general, the purpose of parameterisation in an atmospheric model is to provide a statistical and mechanistic good description of physical processes that cannot directly be resolved directly with the chosen grid resolution. This means that the overall effect of valley processes that are directly simulated in the current model simulations with WRF will be incorporated by the use of parameterisation in the GFS model that provides the GDAS dataset. Due to the large difference in the processes that can be simulated with the two different grid resolutions (WRF and GFS), then there will be a considerable difference in the formulation of most parameterisations in the two models, especially in relation to precipitation and processes in the ABL. The choice (as well as behaviour) of such parameterisations is mainly determined by the grid resolution of the model (e.g. Wang and Coauthors 2014) .
The differences in the trajectory results are important in the analysis of airborne material (including airborne pollen) at the meso-beta scale and also in the identification of source areas. During the sampling period, whilst WRF trajectories display two clear air mass displacements, the GDAS results are less clear. Therefore, for this particular episode, the connection between atmospheric transport and remote source regions is difficult to establish with GDAS data and much more straightforward by using WRF data, especially at 9 and 3 km spatial resolutions.
In this case, considering the origins and pathways of back trajectories, both the GDAS and WRF results would suggest source areas in a range from the north to the southwest of Cordoba City. Combining this knowledge with the geographical distribution of the sources and phenological characteristics of potential pollen source regions, the responsible sources from Cordoba can be defined. This study has a high temporal resolution pollen concentration data and it is possible to identify the origin of measured pollen at monitoring sites as described by Gassmann and Pérez (2006) and Makra et al. (2010) .
These results suggest that the first pollen peak in Córdoba is related to northern flows associated to northern Olea pollen sources. Figure 1 shows only a small number of potential Olea sources in that part of the Cordoba Province. Field phenological observations indicate that Olea in the north of the province are during the flowering period. So it would be possible that these crops, together with favourable winds, are responsible of the first pollen peak at Cordoba City. To confirm this pollen transport, the hourly pollen evolution at El Cabril site is shown in Fig. S2 , with a progressive increase in pollen concentrations from 15:00 UTC time and a maximum at 18:00 UTC time (80 pollen grains/m 3 ). This information ensures that the peak at El Cabril was reported 5 h later at Cordoba City.
The second peak, according to the trajectory analysis, is also connected with the progressive and constant arrival of air mass flows along the Guadalquivir Valley. These air masses pass the Olea sources located inside and in the north area of the valley. Therefore, the air masses and the airborne pollen are affected by the canalization of the air masses by the valley. Daily mean values from sampling sites along the valley (Seville and Huelva) reveal the presence of relative peaks on the 5th and 6th of June (Fig. S3) . This fact supports the argument of atmospheric pollen transport along the valley during the sampling period. Therefore, the second pollen peak at Cordoba City can be associated with the sum of (1) pollen transport along the valley and (2) arrival of northern air masses.
These results enlarge the typical footprint area of Olea crops with respect to Olea pollen count at Cordoba City including areas located in the west, along the Guadalquivir Valley and its surroundings. This footprint area is in general associated with a pollen transport on the meso-beta scale (20-200 km) , according to the definition by Orlanski (1975) . Therefore, this paper presents valuable results to produce pollen forecasts for Cordoba City, as they complement those previously obtained in the area that indicated the influence of different cultivated crops in the south of the province based on field phenological observations (Fornaciari et al. 2000; García-Mozo et al. 2005) . In this respect, a recent study has demonstrated that Olea pollen can vary substantially in allergen release, even though they are morphologically identical (Galán et al. 2013) . These variations might be related to either different source areas or to transformation of allergens during the 6-12-h atmospheric transport that is the typical atmospheric lifetime on the meso-beta scale.
This study indicates that regional sources should be considered in the aim of understanding the temporal pollen evolution and also their influence consisting of a mixture of atmospheric transport processes. These results are in agreement with those obtained in Aarhus (Denmark) for grass pollen concentrations . Nevertheless, the atmospheric transport of pollen at these scales is poorly understood, and the understanding and modelling of pollen transport that combines these scales has been identified as one of the major challenges for the modelling community (Sofiev et al. 2013 ).
Conclusions
The current study showed the benefits of using meteorological files with higher spatial resolution in the computation of back trajectories. Replacing GDAS data with WRF data have allowed us to identify Olea pollen source areas responsible of high pollen episodes in Cordoba City. The results have shown that the use of the mesoscale meteorological model WRF-ARW improves the accuracy of backward trajectories because the WRF model can take into account complex flows that play a key role in the Guadalquivir Valley.
The use of high spatial resolution has allowed a detailed analysis of the Olea pollen transport detected at Cordoba City, including transport along the Guadalquivir Valley, i.e. the nearest sources can be about 50-80 km away. The improvement in the analysis was mainly seen by using the WRF model results with 9 and 3 km resolutions. Results indicate that the use of appropriate meteorological files with high spatial resolution is important in back trajectory pollen studies. But they also suggest that incorporation of the relevant atmospheric scales, and also physical processes described with WRF, affects the pollen transport along the Guadalquivir Valley mainly detected with spatial resolutions at the 9-and 3-km resolutions.
